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Abstract P

A one-third-scale model of a generic tallpipe off- Pstd

take system for an advanced short takeoff, vertical land- PR

ing (ASTOVL) aircraft was tested at the NASA Lewis
Research Center Powered Lift Facility. The basic model P

consisted of a tailpipe with a centerbody to form an q

annulus simulating turbine outflow with no swirl; twin
R

offtake ducts with elbows at the ends to turn the flow to

a downward direction; flow control nozzles at the ends T

of the elbows; and a blind flange at the end of the tail-
pipe to simulate a closed cruise nozzle. The offtake duct- Tstd

to-tallpipe diameter ratio was 0.74. Modifications of a w

generic nature were then made to this basic configura-
tion to measure the effects of flow-path changes on the "l

flow and pressure-loss characteristics. The modifications 5

included adding rounded entrances at the forward edges 0
of the offtake openings, blocking the tallpipe just aft of

the openings instead of at the cruise nozzle, changing the

location of the openings along the tailpipe, removing the

centerbody, and varying the Mach number (flow rate)

over a wide range in the tallpipe ahead of the openings

by changing the size of the flow control nozzles.

The tests were made with unheated air at tallpipe-

to-ambient pressure ratios from 1.4 to 5. Results are

presented and compared with performance graphs, total-

pressure contour plots, paint streak flow visualization

photographs, and a flow-angle probe traverse at the off-
take entrance.

Nomenclature

A area, in.2

D diameter, in.

g constant, 32.174 ft/sec 2

L length, in.

M Mach number; for ideal flow

M _- wIRT

I+'I-1M2_
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total pressure, psia

standard day pressure, 14.696 psia

pressure ratio relative to ambient pressure, P/Prim

static pressure, psia

dynamic pressure, psi

gas constant; for air, R -- 53.35 R/°R

total temperature, eR

standard day temperature, 518.7 eR

measured airflow rate, lb/sec

ratio of specific heats; for air, 7 --- 1.40

ratio of pressure to standard day pressure, P/Patd

ratio of temperature to standard day temperature,

T/Tatd

Subscripts

am ambient

ch choked

n offtakenozzle

w wall staticpressure

5 tallpipeor annulus station

5A offtakeelbow inletstation

5B offtakeduct exitor downturn elbow inletstation

5C downturn elbow exitorofftakenozzleinletstation

Note: Stationsubscriptsfollowed by I or 2 referto

a particular offtake side (see Fig. 2).

Introduction

Many programs have been conducted at the NASA

Lewis Research Center (LeRC) to advance the technol-

ogy needed for advanced short takeoff, vertical landing

(ASTOVL) aircraft. These programs include analytical
and experimental studies of hot gas ingestion, integrated

aircraft/propulsion controls, and ducting and nozzles for
engine exhaust systems. 1"5



Several proposed ASTOVL powered liftconcepts

such as that shown in Fig. l(a) are based on blocking

the cruiseexhaust nozzleand redirectingthe engine gas

forward to liftthrustersduring landing or hover flight.

The liftthrusterscould be ejectors,burners,liftnozzles,

or gas-coupled liftfans.In every case,the availablelift

is directly reduced by pressure loss in the tailpipe

offtakesand ducts leading to the thrusters.The flow

patterns causing pressure loss axe known to be very

complex.

A one-third-scalegenericASTOVL tallpipeofftake

configurationwas studied previouslyboth experimen-

tallyand analytically.6"7 The model (Fig.l(b)) con-

sistedof a tallpipewith twin elbows, offtakeducts and

flow controlnozzles;a small ventralnozzle;and a blind

flange to simulate a closed cruisenozzle.The offtake

duct-to-tailpipediameter ratiowas 0.74.The flow was

split45 percent to each offtakeand 10 percent to the

ventralnozzle.The tailpipeMach number was 0.3,and

the measured pressure lossfrom the tailpipeto the off-

takeflow controlnozzlewas 15.5percent.Almost allthe

lossoccurred in turning the flow from the tailpipeinto

and through the elbows.Additionalconfigurationdetails

and experimental resultsare given inRef. 8,and prelim-

inaryresultsofthe computational fluiddynamics anal-

ysisare reported inRef. 7.

The present report is concerned with the effects of

flow-path configuration changes on flow behavior and

pressure loss. The following modifications were incorpo-
rated in the model described in the preceding paragraph

to form the configuration called the _basic _ model for
these tests:

(1) Elbows were added to the ends of the offtake

ducts to provide a final flow turn to a downward
direction.

(2) A centerbody was added to simulate turbine

outflow without swirl in a separate-flow exhaust system,

or (less rigorously) could simulate mixing plane outflow

in a low-bypass-ratio engine.

(3)The ventralopening was closedand fairedover

at the tailpipeopening.

The following changes were then made singlyto

thisbasicmodel:

(1) The offtake flow control nozzle size was varied
to study flow turning at simulated turbine exit Mach

numbers from 0.3 to 0.5 (a range of Mach numbers that

future engines may have).

(2) Rounded entrances were added to the forward

edge of the'tailpipeofftake openings to attempt to

improve flow into the openings.

(3)Tailpipe blockerswere mounted just aft of the

tailpipeofftakeopenings to assessthistype of closure

(usefulwith engineshaving round cruisenozzles).

(4)The centerbody was lengthened tosimulate off-

takes closerto the turbineexit.

(5) The offtake flow control nozzle size was varied

with the centerbody removed to simulate flow into off-
takes far aft of the turbine exit at Mach numbers up to

0.35 and to compare performance with Ref. 6 results.

These changes represent, in a generic fashion, some

of the practical factors that would be encountered in

designing an ASTOVL exhaust system. The study was

experimental only--no computational analyses were
done. Results and performance comparisons from tests

with unheated air are presented as graphs at tailpipe-to-

ambient pressure ratios from 1.4 to 5, as contour plots

of total-pressure distributions at the ends of the offtake

ducts, and as flow visualization results from paint streak

and flow-angle probe data.

The appendix provides a listofdefinitionsofterms

used herein.

Apparatus

Basic Model

The basic model testedis shown in Fig. 2(a). It

consistedof the model shown in Fig. l(b) (previously

testedand describedinRef. 6) with the centerbody and

downturn elbows added and the ventralopening closed.

The downturn elbows were canted 15° inboard to avoid

flow impingement on the facilitystructure.The model

was approximately one-thirdscale,referencedto the size

ofcurrentmilitaryengines.

Flow-Path Configuration Changes

The devicesused to make flow-path configuration

changes are illustratedinFigs.$ to 6.The deviceswere

installedand testedseparately,not in combination.

Rounded entrances at the forward edges of the

offtakeopenings were formed by insertingblocks in the

openings of the basic model. The blocks, shown in

Fig. 3,reduced the area of the opening approximately

9 percent.

Two types of tallpipeblocker (Fig.4} were tested.

One blockerwas flat;the other blockerwas formed by

two convex-shaped surfaceshaving the same radius as

the tailpipeso thateach halfofa full-si_edblockercould

be stowed againstthe tallpipewall.



The centerbody positionwas changed relativetothe

offtakeopenings by insertinga spool in the cylindrical

portionofthe centerbody. The centerbody and itsloca-

tionsin the tailpipeare shown in Fig. 5.

The tallpipeMach number was varied by flow con-

trolnozzlesofdifferentareas.The nozzles(Fig.6) were

mounted on the downturn elbows for some testsand on

the offtakeducts fortestswithout the downturn elbows.

The nozzle designated C-3 was an ASME long-radius

design;the otherswere conicalconvergent nozzleshaving

a 20 ° wall angle.

Facility

The testswere performed atthe Powered LiftFacil-

ity (PLF) at NASA Lewis (Fig.7).The PLF isa thrust

stand enclosedby a dome having an inner acousticliner

toreducenoiseradiated tothe nearby communities. The

stand can measure thrust,normal, and sideforcesup to

10 000 Ib (ormore forlargemodels} and could be fitted

with a burner to provide heated airat the model inlet.

The PLF issuppliedwith pressurizedairfrom the labo-

ratorycentralsystem.

Instrumentation and Data

The stationlocationsand flow-pathpressureinstru-

mentation are shown in Fig. 2. Pressurerakes were al-

ways the same in both offtakesidesto avoid flow un-

balance. The flow totaltemperature was measured by

stream thermocouples in the 24-in.ducting near the

model inlet.The airflowwas measured by a facility

ASME nozzlein the air supply line.

A traversing flow-angle probe with a five-port sens-

ing tip (same as in Ref. 6) was used to measure flow-
stream angles, stream total pressure, and stream Mach

number at an offtake opening. The probe was calibrated

in an open jet at Mach numbers of 0.3, 0.5, and 0.8 over

ranges of angles greater than those encountered in the

flow pattern tests.

Afterairflowbecame steady,data were recorded on

a facilitycomputer which scanned allthe instrumenta-

tion once per second.The performance parameters were

computed off-linefrom data averaged over 10 scans.

Discretevalues ofthe totalpressureatthe variousflow-

path stationswere obtained by averaging rake data,

includingboundary layerrakeswhere available.Except

forflow-angleprobe results,the Mach numbers given in

this report are average stream val_es computed from

measured airflow,total temperature and pressure,and

geometric flow area.

Procedure

The model inlet pressure was varied by adjusting a

valve in the facility inlet line. Steady-state performance

data using unheated air were taken at selected tallpipe-

to-ambient pressure ratios from 1.4 to 5. A mainframe

computer was used to compute performance parameters

off-line from averaged data.

Flow patterns were determined from a probe trav-
erse on the horizontal centerline of the offtake opening

on side 2 and from paint streaks in the offtake and
downturn elbows. The traverse was made with a five-

port, flow-angle probe as described in Ref. 6. Paint

streaks were obtained by applying dabs of thick oily

paint on the duct walls, starting airflow quickly, then

shutting down quickly after a 1-min hold. The resulting

streaks were photographed for record, then redrawn on

a plastic mockup of the model for many of the illustra-

tions in this report.

Resultsand Discussion

The performance of the basic configuration over a

range of tallpipe-to-ambient pressure ratios PR 5 and

airflow rates is presented in this section in terms of

several flow and pressure-loss parameters. The effects of

flow-path configuration changes are then shown as

changes to the most important parameters. Last, flow

patterns in the offtake and downturn elbows are de-
scribed with photographs of flow visualization paint

streaks and total-pressure contour plots.

Performance ofBasic Model

The basic model representsan offtakeconfigura-

tionwith openings closeto the turbine discharge of a

separate-flow engine or the mixing plane of a low-

bypass-ratio engine: flow swirl was not simulated. The

model tailpipe pressure P5 was measured in the cylindri-
cal annulus surrounding the centerbody. The perform-

ance of the basic model is shown in Fig. 8 for three

offtake nozzle sizes and PRs's up to 5. Each of the per-
formance parameters increased with increasing PR s until

the offtake nozzles choked, after which they remained

almost constant. Most of the pressure loss occurred

between the tailpipe and the end of the offtake duct,
Station 5B. It was shown in Ref. 6 that almost all the

loss up to Station 5B occurred in turning the flow from

the tailpipe into and through the offtake elbows with

only a relatively small loss (such as from wall friction}

in the long straight ducts. Presumably, the same be-

havior took place in the basic model; in addition, a



measurable loss occurred as the air flowed through the
downturn elbows. The distribution of losses in the model

when the offtake nozzles were choked is shown in Fig. 9.

The graph is labeled to show the loss in the downturn

elbows both as a percentage of t_dlpipe pressure and as

a fraction of the dynamic pressure at the elbow entrance

qSB" The latter data are consistent with values reported
in Ref. 8 for the same type of elbows with no inlet

pressure distortion. For the model tested, the pressure

drop to the flow control nozzles increased nonlinearly
with annulus flow or Mach number and reached as high

as 27 percent at Mach 0.48. This is considered a large
loss because it would reduce the maximum thrust ob-

tainable from a lift thruster by about the same amount.

Performance with Flow-Path Configuration

Changes to Basic Model

The largepenalty from pressuredrop in the basic

model was motivationfortryingto improve performance

with genericmodifications to the existing hardware.

Results of testswith the modified model axe presented

in thissection.

Rounded offta.ke entrances. Insert blocks were

installed at the front edges of the offtake openings to

form rounded entrances (see Fig. 3). The results of this
change to the basic model with the C-3 and C-4 offtake

nozzles are shown in Fig. 10. With or without the

inserts, the trends of the pressure losses with PR 5 are
the same although the inserts reduced the flow capacity

and raised the pressure loss slightly. In tests of a ventral
nozzle, 3 a rounded entrance reduced the turning pressure

loss by 41_ percentage points. The same reduction did
not occur in the offtake model because the flow was

turned through a larger angle in the elbow than in the

ventral duct, and the flow was separated from the
inboard side of the elbow wall for a longer flow distance.

The blocks chosen did not influence the flow pattern in

this already-separated region.

TalIpipe blockers.The term _blocker_ as used in

thispaper refersto a tailpipeclosurethat islocatednear

the offtaheopenings asopposed to a closedcruisenozzle

at the end of the tallpipe.Two blockers (Fig.4) were

testedin the basic model using the C-3 nozzles.The

resultsare presentedinFig. 11.Both blockersdecreased

the pressurelossand increasedthe flow capacity.The

shaped blocker reduced the offtake pressure loss by

6 percentage points and increased the flow capacity

almost 9 percent.The improvements were not as great

with the fiatblocker.The changes are attributedto the

eliminationof the flow recirculationregion in the un-

blockedtallpipeand the additionofdirectflow guidance

into the openings provided by the blockersurface.

Location of openings. The effects on performance of

locating the offtake openings at various stations along

the tailpipe were studied in three tests. Starting with the

basic model, moving the openings closer to the turbine

was simulated by extending the centerbody (see Fig. 5).

Locating the openings far downstream from the core-

bypass mixing plane was simulated by removing the

centerbody hardware to increase the flow area ahead of

the offtahe openings.

The resultsof these tests are given in Fig. 12.

Moving the openings closerto the turbineby lengthen-

ing the centerbody did not _Iterthe performance from

the basic model. However, moving the openings down-

stream away from the turbine by removing the center-

body increased the flow capacity by 4 percent and

reduced the pressurelossby 21/_percentagepoints.These

improvements aresimilarwhen the resultsarecompared

at the same PR s or tailpipeflow rate (Figs. 12(b)

and (c)). With regard to performance, these tests

demonstrate that the best place for offtakeopenings is

far aft of the turbine exit where flow is uniform and

the Mach number islow (assuming a negligibletotal-

pressure loss caused by the centerbody tailcone).A

blocker,insteadof a closedcruisenozzle,may reduce the

pressure loss further,but that configurationwas not

tested.

Without centerbody. The effectof the tailpipe

Mach number on performance was studied for offtake

openings locatedfaxfrom the turbine.For theseteststhe

centerbody and downturn elbows were removed from the

basic model, making the model shown in Fig. l(b)

without the ventralnozzle.

The test results are presented in Fig. 13. With the

offtake nozzles choked, the tailpipe Mach number ranged

from about 0.20 to 0.35; the offtake duct Mach number

was as high as 0.48. These Mach numbers are near the

maximum obtainableforthe geometry sizesused inthe

model tested because the largest(C-5) offtakenozzle

contractionwas very small (Fig.6).

The pressurelossfrom the tailpipeto the ends of

the offtakeducts (no finalturn elbows were used) is

shown in Fig. 14. The lossisplottedagainstboth Mach

number and airflow for cases with and without the

centerbody. Losses increased nonlinearly with Mach

number but were highlydependent on the area at which

they were calculated.The resultsare bettercorrelated

with the referred tallpipe flow rate as shown in

Fig. 14(b). However, the pressure drop must also be

dependent on the effectivetailpipe-to-offtakeduct area

ratio(notvariedwith thismodel) sothe numerical data

in this figuredo not apply to allofftakegeometries,

although the trends should be very similar.

4



Flow Patterns

Wall flow patternsinand around the offtakeopen-

ings and in a downturn elbow in the basicmodel with

C-3 offtakenozzles were obtained from flow visual-

izationpaint streaks. This section also presents the

resultsof a flow-angle probe traverse at an offtake

opening and total-pressurecontour plots of the flow

leavinga downturn elbow.

Flow visualization.Figure 15(a),a view from the

blocked end of the tallpipe,shows the arrangement of

instrumentationand hardware near the offtakeopenings

which might have affectedthe flow patterns (alsosee

Fig. 2).

Figure 15(b) shows the flow patternat the offtake

opening.Flow upwash (from the bottom toward the top

ofthe tailpipe)isevidentfrom streakson thecenterbody

tailconeand on the wall ahead ofthe opening. The up-

wash could be an effectof the flow enteringthe offtakes

or could have been caused by nonuniform flow at Sta-

tion 5.Flow nonuniformity isbelievedtobe minimal for

two reasons.First,the centerbody, flow straighteners,

and boundary layer trips all were concentrically

mounted on accuratelymachined surfacesto avoid non-

uniformity from malalignment. Second, the nonuni-

formityfrom total-pressuredistortionmeasured by rakes

at Station 5 typicallywas lessthan 0.5 percent.(The

whole distortionprobably was somewhat higherbecause

the rakeswere not positionedtodetectdistortioncaused

by wakes from the threecenterbody supportstruts;also,

there was some additional distortionfrom the rakes

themselves.)Upwash streakson the tailconeleaclto

swirlscalled %piral nodes,_ which denote separation

pointsfor vorticalflow leavingthe surface.The nodes

were the same sizeand in the same positionon both

sidesofthe tailconebut had oppositerotation.Although

the vorticalflow paths were not determined,itislikely

that the vorticesenteredthe offtakeopenings and mixed
with other offtakeflow.

Photographs offlow visualizationstreaksdrawn on

a scalemockup ofthe model are presentedin Fig. 16.In

Fig. 16{a) the tailpipeiscut in halfon itsplane ofsym-

metry. The streakson the tailpipewall show that flow

from the lower peat of the tailpipefollowedthe upwash

directionintothe offtakeopenings.Flow from the upper

part ofthe tailpipetended to swirl(ina clockwiseman-

ner in Fig. 16(a))as itenteredthe opening. This large-

scaleswirlwas opposite inrotation to the vortex from

the spiralnode on the tailcone.The upwash, large-scale

swirl,and vorticesallseem to be relatedand interacting,

but the basic cause or triggeringmechanism was not

found.

Streaks on the offtakeelbow walls are shown in

Figs.16(b) and (c).Some of the offtakeflow followed

the outer wall of the elbow, but the streaksalso show

the large-scaleswirlingflow that cut acrossthe lower

part ofthe elbow without followingthe wall curvature.

The swirliscounterclockwisein direction(looking up-

stream) at the end of the offtakeelbow (Fig.16(c)).

This pattern isvery similarto the pattern found in the

same configurationwithout the centerbody (reportedin

Ref. 6).

Paint streaks on the downturn elbow in side2

(Fig.2) are shown in Fig. 17. The streaks showed

(Figs.17(a) and (b)) that the incoming flow had the

same counterclockwiseswirlpreviouslynoted atthe end

ofthe offtakeelbow.The flow turned through the elbow

toward the insidewall without followingthe surfacecur-

vature,probably being influencedby the incoming swirl.

On the inner half of the elbow (Fig. 17(c)) the
streaks showed that the flow was drawn toward the in-

side wall at the end of the elbow (locale of lowest static

pressure). The flow then turned as necessary to exit
through the nozzle. Altogether, the streaks in the down-

turn elbow indicated a flow pattern expected from class-

ical fluid dynamic principles: Two secondary flows

became superimposed on the bulk flow in the elbow,

with each secondary flow moving fluid along the wall

from the outer to inner surfaces, then returning by cen-

trifugal action to the outer surface. For the case shown

herein, this classical pattern was distorted slightly by

the incoming swirl.

Flow traverse.A calibratedflow-angleprobe and a

technique describedin Ref. 6 were used to make a tra-

verseon the horizontalcenterlineat Station 5A of the

basic model. The resultsof the traverseare shown in

Fig. 18 along with the resultsof a similartraverseinthe

same model with no centerbody.6 The total-pressure

ratio (Fig. 18(a)) is the ratio of the computed probe

total pressure to Ps" The total-pressure ratio and the

computed stream Mach number (Fig. I8(b)) both were
higher in the aft part of the offtake opening of the basic

model than in the test without the centerbody. In both

tests, the pressure and Mach number fell off rapidly in

the turning flow at the front edge of the opening. The

measured total-pressuredistortionfrom these data was

over 40 percent.

The angles at which the flow entered the opening

are calledthe approach angle and the swirlangle (see

the appendix fordefinitions).These measured anglesare

shown in Figs.18(c)and (d),respectively.In both tests

the variationsalong the traversepath are similar.The

flow had begun to turn in the tailpipe,as indicatedby



the approach angle results. The flow swirled downward

in the aft part of the opening and upward in the central

and frontparts.The same large-scaleswirlcan be seen

in the paint streakson the wall in Fig. 16(a).All the

probe data were smooth and continuous across the

traverse,indicatingthat the vortex anchored on the

centerbody tailconedid not flow through the offtake

centerline.

Pressure contours. Total-pressurecontours meas-

ured by rakes at Station 5C (Fig.2(b)) are given in

Fig. 19. The data are for the basic configurationwith

threedifferentchoked flow controlnozzles.As noted in

the figuresubtitles,the distortionlevelsat the end of

the long, straightofftakeducts (Station 5B) rose with

the flow rate,reaching 7.9 percentfor the highestflow.

In the downturn elbows the flow tended to concentrate

on the outsidewall,and the pressurewas a littlehigher

on the side coming from the outside of the offtake

elbow. As expected, the total-pressuregradients and

distortionlevelsincreased with the flow rate.At the

highestflow rate,the distortionat the downturn elbow

exitwas 19.2 percent (Fig.19(c}),caused primarilyby

a relativelysmallregionoflower pressurenear the inside

wall.

Summary of Results

A one-third-scalemodel genericASTOVL exhaust

system was tested with unheated air at tailpipe-to-

ambient pressure ratiosfrom 1.4 to 5 to measure the

pressurelossand other flow characteristics.The model

consisted of a tailpipewith a centerbody to form an

annulus simulating turbine outflow, twin offtakeducts

with elbows at the ends to turn the flow to a downward

direction,flow controlnozzlesatthe ends ofthe elbows,

and a blind flangeat the end of the tailpipeto simulate

a closedcruisenozzle.The airflowrate was varied by

changing the sizeof the flow controlnozzles.Modifica-

tions then were made to this basic configurationto

determine the effectsof flow-path changes on the flow

characteristics.The important resultsaxe asfollows:

I. For all the configurationstested,the offtake

pressurelossand other flow parameters were constant at

pressureratiosorflow ratesgreaterthan those needed to

choke the flow controlnozzles.

2.For the basic model afterchoked flow,the off-

take pressurelossup to the entrance of the downward-

pointing elbows increasednonlinearlywith the annulus

Mach number (or,alternatively,with the totalairflow

referred to annulus conditions).An additional loss,

about 0.25q,occurred in the downward pointing elbow,

where q isthe dynamic pressureat the elbow entrance.

The totalofftakesystem lossvariedfrom II percent at

a Mach number of 0.29 to 27 percent of the annulus

totalpressureat a Mach number of 0.48.

a.At an annulus Mach number ofabout 0.42,

the offtakepressure losswas reduced by 6 percentage

pointswhen a shaped tailpipeblockerwas mounted just

aftof the offtakeopenings.The blockeralsoraisedthe

flow capacityofthe system almost 9 percent,apparently

by guiding the flow into the openings. A flatblocker

alsoreduced the pressurelossand raisedthe flow capac-

ity but did so to a lesserextent.

b. The pressurelossand flow capacity were

not changed significantlywhen rounded entranceswere

added to the front of the tailpipeofftakeopenings or

when the openings were locatedclosertothe centerbody

tailcone.

c. The centerbody was removed from the

basic configurationto increasethe tailpipeflow area

ahead of the offtakeopenings,as though the openings

were faraftofthe turbineexit.Compared with the basic

configuration,the offtake pressure loss was reduced

about $ percentage pointsfor the same flow rate.The

offtake pressure loss increased nonlinearly with the

tailpipeMach number.

3. Flow visualizationpaint streaksat an offtake

opening in the tailpipeof the basic configuration re-

vealed flow upwash leadingto spiralnodes on the cen-

terbody tailcone.The paths of the vorticalflow leaving

the spiral nodes were not determined. Other paint

streaksand a flow-angleprobe traverseat the opening

showed a large-scaleswirlin the flow entering the off-

take, in a manner similarto flow patterns previously

reported in a model without a centerbody. The total-

pressuregradientinthe offtakeflow was largeatthe off-

take elbow but typicallywas reduced to only about

5 percent distortionat the ends of the long offtake

ducts.The large-scaleswirlpersistedinthe flow through

the ducts.

4. Flow visualizationpaint streaksin a downturn

elbow showed that a secondary flow pattern expected

from classicalfluiddynamics was superimposed on the

bulk flow although the secondary patternwas distorted

slightlybecause of the flow swirlenteringthe elbow.

Appendix--Definitions

Approach angle

Angle between the flow vector and the tailpipe

centerlinemeasured in a horizontalplane



Distortion

Difference between maximum and minimum total

pressure, measured by rake tubes outside the

boundary layer, all divided by average total

pressure

Swirl angle

Angle between the flow vector and the offtake

centerline measured in a plane normal to the

traverse path
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0o) Model tested in reference 6 (no lift thrusters).

Fig. 1 ,--ASTOVL powered lift system using engine exhaust gas,
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Rgum ?_----Basicmodel tested showing station locations and instrumentation. Station cross sections drawn looking into flow with 0° on top.
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(b) Shaped blocker.

-Convex

(b) Insert block installed on model.

Rgure 3.--Rounded entrances at forward edges of offtake

openings.

C-92-0993C"

(¢) Shaped blocker.

Rgum 4.--TaJlpipe blockers mounted just aft of offtake opening¢
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centeYoody --_

centerbody

(a) Centerbody size and location.
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1
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l
10.o

Nozzle Nozzle Nozzle Type
diameter, length,

Dn, Ln,
in. in.

5.94 5.6 C-2 Conical
7.10 8.8 C-3 ASME long radius
8.11 2.6 C-4 Conical
8.83 1.6 C-5 Conical

l

C-88-I 2063

(b) Basio centerbody mounted in ta_pipe.

Figure 5._Centerbody used to simulate turbine outflow.
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Figure 6.4iow control offtake nozzles.
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Figure 7.--Powered Lift FadUty. (Since this photograph was taken, the facility has been enclosed in an acoustic dome.)
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(b) C-4 offtake nozzles.
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(c) Comparative lessee for choked offtake nozzles.

Figure 10.--Effect of rounded entrances on pressure losses.
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(c) Comparative losses for choked offtake nozzles.

Figure 11 .---Effe:ct of taJlpipe blockers on pressure losses with
C-3 offtake nozzles.
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F3gum 12.--Effect of offtake position on pressure loss with
C-3 offtake nozzles_
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(a) Referred airflow. (c) Offtake duct Mach number.
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(d) Pressure loss to Station 5B.

Figure 13.--Performance of model without oenterbody.
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Figure 14.---Pressure loss to end of offtake duct for choked
offtake frazzle flow.

struts (3) _,.

(a) Looking forward on tailplpe axis.

C-92-5203

(b) Looldng through side 2 opening.

Figure 15.---Flow visualization paint streaks on centerbody of
basic model.
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\

(a} Tailpipe cut on plane of symmetry.

C-93-02220

(b) Top half of offtake elbow removed (side 2).

C-93-02219

C-93-0221:3

(c) Inside half of offtake elbow removed (side 2).

Figure 16.---Row visualization streaks on scale mockup of basic model.
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(b) Outside wall (inside wall removed). (c) Inside wall (outside wall removed).

Figure 17.BFIow visualization paint streaks around downturn elbow in side 2.
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Figure 18.---Flow conditions on offtake duct horizontal centerline at elbow entrance (Station 5A). C-3 ofttake nozzles.
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Contour Pressure
label ratio,

P5c/P5

A 0.900
B .890
C .880
D .870

Inside

Outside offtakeelbow

f C Outside

(a) C-2 offiake nozzles; PR 5 = 4; Station 5B2 distortion = 1.8 percent; Station 5C2 distortion
= 5.6 percent.

Contour
label

Outside offtake elbow

Pressure
ratio,

Psc/P5

A 0.820
B .810
C .800 Inside Outside

D .790
E .780
F 360
G .740
H .720

(b) C-3 offtake nozzles; PR 5 = 3.5; Station 5B2 distortion = 4.7 percent; Station 5C2 dis-
tortion = 15.0 percent.

Outside offtake elbow

Contour Pressure

label ratio, E
PscIP5

A 0.760

B .750
C .740 Inside Outside
D .730
E .720
F .710

G .700
H .650

(b) C-4 offlake nozzles; PR 5 = 3.0; Station 5B distortion = 7.9 percent; Station 5C dis-
tortion = 19.2 percent.

Figure 19.--Total-pressure contours at Station 5C2 (final downturn elbow exit side 2). View
is looking upstream into the flow.
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